Maximum wall angle
Introduction
Incremental sheet forming (ISF) process has been identified as a potential and economically viable process for sheet metal prototypes and low volume production. The process is very flexible and can be carried out on a computer numerical control (CNC) milling machine, robots or specially designed machines for ISF applications. In this process, a flat sheet is held in a specially designed fixture and is deformed into parts such ankle support, plate prosthesis, implants for arthoplasty and cranial implants etc., [1, 2] . In ISF, the sheet undergoes larger strains before its fracture, in comparison to common sheet metal operations such as deep drawing and stretching. Emmens et al. [3] proposed six different mechanisms to explain the increased formability in ISF, namely, contact stress; bending-under-tension; shear; cyclic straining; geometrical inability to grow and hydrostatic stress. These mechanisms delay the damage and increase the limit of fracture strain. Several studies [4] [5] [6] [7] [8] [9] [10] have been made to understand formability in ISF and various methods have been proposed for assessing the formability in ISF.
Formability assessment by maximum wall angle
In ISF, the wall thickness of the part varies as per sine law. If t i and t f are initial and final thickness of the part with wall angle ˛ with horizontal plane, then the final thickness can be predicted by using the following relation [6] . The schematic representation of thickness variation in constant wall angle part is shown in Fig. 1 .
From Eq. (1), it is clear that with the increase in wall angle, the thickness tends to reach zero, which leads to fracture. Thus, the maximum wall angle and minimum allowable thickness to which the part can be formed without fracture can be used as the parameters for assessing the formability in ISF. Also, the maximum formable wall angle of the part varies linearly with thickness and is given by the following relation [6] :
where k is the slope of the line in deg/mm, t o is the initial thickness of the blank and ˇ is the y-intercept of the line. Micari et al. [11] suggested a frustum of cone with top base diameter of 72 mm and height of 40 mm as a bench mark part to find the maximum wall angle. They have chosen this geometry because of lesser spring back during its forming. The benchmark specimen proposed by Micari et al. [11] provides a common basis for the determination of the maximum wall angle; however, it still requires a large amount of experimental work. To overcome this problem, Hussaini et al. [12] proposed different geometries with continuously varying wall angle along the depth of the part. These geometries are achieved by rotating the circular, parabolic, elliptic and exponential curve segments about an axis. In all these four parts the top base diameter was kept as 110 mm and the wall angle was varied from 40 • to 80 • .
Feed rate, rotational speed, step depth, tool diameter, lubrication, wall angle and toolpath are some of the most important parameters that affect the mechanics of ISF process. The process parameters also have significant effect on maximum wall angle. To study this, Ham and Jeswiet [13] used Box-Behnken Design of experiments and investigated the effect of various process parameters on maximum wall angle. Ambrogio et al. [14] analyzed the formability of light weight alloys in hot ISF by measuring the maximum formable wall angle. Palumbo and Brandizzi [15] studied the effect of static heating and tool rotational speed on formability in difficult-to-form materials such as Ti alloys. Ben Hmida et al. [16] studied the effect of grain size of the material on formability and forming forces in ISF of micro parts. Hussaini et al. [17] studied the effect of step depth, feed rate and diameter of the tool on maximum wall angle in cold ISF of titanium sheet.
Capece Minutolo et al. [18] formed the frustum of cone and pyramid with different slope angles from a sheet of 100 mm × 100 mm size. The cone had been formed with top base diameter 70 mm and depth 39 mm, and pyramid had been formed with top side length of 100 mm and maximum depth of 35 mm. They observed higher wall angles in conical parts compared to pyramidal parts. They also performed numerical simulations using LS-DYNA to analyze the formability. Bhattacharya et al. [19] studied the effect of tool diameter, step depth, sheet thickness and feed rate on the maximum wall angle. They formed the conical shape with different wall angles till the fracture. The study indicates that tool diameter, step depth and sheet thickness have significant effect on the maximum wall angle, while the effect of feed rate is negligible.
These studies indicate that there is no standard part geometry for finding maximum wall angle in ISF. To address this problem, EUREKA project was initiated in Europe and as a part of it, Tisza [20] formed the parts with constant and varying wall angles. He observed good agreement in the results between the constant and varying wall angle parts and showed the varying wall angle parts as a potential candidate for maximum wall angle prediction with minimum number of experiments.
The present work focuses on the investigation of ISF formability of extra-deep drawing (EDD) steel sheet, which is a widely used material in automotive applications involving simple and complex parts requiring high formability [21, 22] . Here, four varying wall angle conical frustums are used with circular, elliptical, parabolic and exponential generatrices as shown in Fig. 2 . These curve segments are represented in parametric form due to their inherent advantages over explicit and implicit representation (Table 1) . These parametric equations simplify mathematical formulations for predicting wall angle and thickness at any point p on the generatrix. In all the geometries, the top diameter is kept as 110 mm and the wall angle is varied from 40 • to 80 • . The variation of wall angle along the depth is shown in Fig. 3 for all four generatrices. In case of circular, elliptical and exponential generatrices, the wall angle variation is uniform along the depth, while in parabolic generatrix the wall angle is 73 • for a depth of 50 mm and 7 • for the remaining depth from 50 mm to 157.5 mm.
Experimental study
All the ISF experiments are performed on Bridgeport Hardinge 3-axis CNC milling machine with a fixture to hold the blank and a cylindrical tool with hemispherical head. The tool is made of EN36 and is heat treated to 60 HRC. The tool is polished with fine grade abrasive paper and lapping paste to improve the surface finish and to minimize the friction To generate the tool path for the part geometries, the curve segments are designed in Pro-E software using the parametric equations given in Table 1 . These curves are rotated about an axis to get the final part geometry with top base diameter of 110 mm. The parametric equations of resultant surfaces are given in Table 2 . The generated tool paths for different
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Step depth Supporting frame Formed geometry Material properties for numerical simulations are obtained using uni-axial tensile test. ASTM E8 sub-size specimens are used to test the mechanical properties of EDD steel sheet. The experiments are performed with a cross-head velocity of 2 mm/min. The load-displacement data obtained from computer controlled universal testing machine have been used to calculate the engineering stress (S) and engineering strain (e) using relations (3) and (4). The stress-strain data have been used to get the true stress () -true strain (ε) data using Eqs. (5) and (6) assuming constant specimen volume. The true stress-true strain curve of EDD steel sheet is shown in Fig. 8a . In sheet metal forming operation, the material generally undergoes the stresses beyond yield point and below the ultimate stress point. In this region the material undergoes the strain hardening and stress-strain curve in this region has been approximated by the power law Eq. (7) [23] .
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Taking log on both sides the above equation becomes log = log K + n log ε
Fixture to hold the blank Enlarged view of fixture In the above equations A 0 ,L 0 and l represents the original cross-sectional area, gauge length and elongation of tensile test specimen respectively. Eq. (8) is an equation of straight line with x-axis as a log of true stress and y-axis as log of true strain (Fig. 8b) . The slope of this line gives the strain hardening exponent (n) and y-intercept of the line gives the log of strength coefficient (log K). Strain hardening exponent (n) measures how rapidly the material becomes harder and stronger. Higher the value of n, higher the formability. In addition to uni-axial tensile test, Ericson cupping test is performed to get the limiting dome height of the blank material. The mechanical properties and limiting dome height for EDD steel sheet from these tests are summarized in Table 3 . 
Numerical simulation
A 3-D finite element model is developed in explicit finite element code LS-DYNA for numerical simulation of ISF process. The blank, die and forming tool are modeled with shell elements of type-2. Fine mesh is used for blank with element edge length of 1 mm. A total of five integration points are defined in thickness direction. The blank of EDD sheet is modeled using power law plasticity (MAT 18). The die and punch are modeled using the rigid material model (MAT 20) . The strength coefficient and strain hardening exponent of blank are defined as 560 MPa and 0.23 respectively. The contact pairs, the tool and the blank, the blank and the die are modeled using forming one way surface to surface algorithm. Coulomb's friction law is used to model the friction between different contact surfaces. Due to the application of sufficient lubricating oil at tool sheet interface, very small friction efficient of 0.01 is used for simulations as recommended by Michael Elford et al. [24] . The finite element model of different tools is shown in Fig. 9 . Unlike conventional processes, the toolpath for ISF is very complex and also 3-D in nature. Defining this complex toolpath in simulation software is a complex task. Most of the simulations in the past were performed using simplified toolpath rather than using the actual toolpath used for manufacturing the part [25] . In this paper, first the part is modeled using Pro-E software and the tool path is generated using manufacturing module in pro-E software. The toolpath is generated for all the four different geometries. The generated toolpath cannot be given as an input to the simulation software directly. Therefore, it is converted to time-position data using MATLAB routine, which is identical to the tool path used for manufacturing the part -this enhances the simulation model accuracy.
The length of toolpath in ISF is generally very long; as a result the computational time is very high. Mass scaling, and time scaling, adaptive meshing are some of the techniques proposed by various researchers to overcome this problem. In the present simulations, the punch velocity of 40 m/s and the mass scaling factor of 10 are used. A number of trial simulations are performed to select these parameters to see their influence on the computational time and on the dynamic effects. In all the simulations, the kinetic energy is found to be very less compared to the internal energy. This indicates that the selected process parameters are not inducing any dynamic effects in the model and the process is quasistatic in nature.
Results and discussion
The maximum wall angle is the primary parameter to assess the formability in ISF. To obtain the maximum wall angle, the varying wall angle conical frustums are formed on the CNC milling machine till the fracture. Tw o parts are formed for each generatrix design to improve the accuracy of results. After the occurrence of fracture the machine tool is stopped manually and the part is removed from the fixture. The depth of the part up to the fracture is measured using Vernier Height Gauge. The angle corresponding to this depth is called as the maximum formable angle, which is calculated using Eq. (9). The maximum wall angle is calculated for all eight parts and the average value is taken as a liming wall angle for EDD steel in ISF.
In the above equation (dz/du)/(dx/du) gives the slope at any point p on the generatrix with co-ordinates x(u) and z(u) and p represents wall angle at p.
In order to get the thickness distribution along the depth, the parts are sectioned from the middle for ease of thickness measurement, and the cut parts are shown in Fig. 10 . For measuring the thickness, the points are marked for every 5 mm from the top to the bottom of the part using Vernier Height Gauge. For better clarity of thickness distribution in the bending region, the points are marked for every 2.5 mm. Thickness at every point is measured using Digital Pointed Anvil Micrometer having a least count of 0.01 mm. In case of VWACF the wall angle and hence the thickness changes continuously with the depth. Hence, the wall angle ( p ) and theoretical thickness (t p ) corresponding to each marked point (p) are calculated using Eqs. (9) and (10) respectively. Measured, theoretical and simulated thickness distribution for different geometries is shown in Table 4 and Fig. 11 . Fig. 11 shows that the analytical model is poor in predicting thickness in the bending region, whereas numerical simulations are good in both bending and stretching regions. From Fig. 12 , it is clear that a very good correlation was observed between measured and simulation results, when compared to the correlation between measured and analytical thickness distribution for all the geometries. The correlation coefficients and the error metrics for different part geometries are given in Tables 5 and 6 respectively. Based on the statistical parameters, it can be concluded that the simulation model is more accurate than analytical model in thickness prediction. Contour plots of thickness distribution from numerical simulations are shown in Fig. 13 .
Depth, wall angle and maximum allowable thinning corresponding to the fracture point of various parts formed in ISF are summarized in Table 7 . The values of maximum wall angles obtained with different geometries are close to each other. The average value of maximum formable wall angle with EDD steel is computed as 75.27 • . The maximum allowable thinning is 0.252 mm. The maximum variation in wall angle with different geometries is 4.6 • . Lesser wall angle was obtained in part with parabolic generatrix; this could be due to steep variation in wall angle with this particular geometry. The variation in wall angle with different part geometries could be due to variation in slope distribution and curvature. Hussaini et al. [26] reported that the thickness of the sheet deviates from the sine law thickness at some point along its depth. They called this point as transition point and used it to measure the maximum allowable thinning. But, in this work, there is no such major deviation from the sine law thickness; therefore, the minimum thinning in the part is considered as the allowable thinning. Parts with circular, elliptical and exponential generatrices are good choices to consider as benchmark parts for maximum wall angle prediction in ISF. In case of parabolic generatrix, the variation in wall angle is very less after reaching certain depth. The wall angle computed using parts with varying wall angle conical frustums is generally more than the parts with constant wall angle. This is due to the larger force in case of constant wall angle parts compared to varying wall angle parts [12] . The fracture surface of the incrementally formed part is analyzed using SEM photographs. The fractured specimen is cut to the required size for fractography study. The low magnification fractured surface is shown in Fig. 14(a) . The scanning electron microscope (SEM) photographs of fractured surface at higher magnifications are shown in Fig. 14(b-d) ; it indicates that the fracture is predominantly ductile in nature. In ductile fracture, damage accumulates due to nucleation, growth and coalescence of voids. Continuous nucleation of small voids takes place at the second phase particles and non-metallic inclusions (Fig. 14c) over a wide range of plastic strains. Continuous nucleation of small voids at second phase particles leads to material failure. It is clearly evident from Energydispersive X-ray spectroscopy (EDS) analysis (Fig. 15 ) that this inclusion could be aluminum oxide. The composition of inclusion from EDS study is presented in Fig. 15 . The cleavage cracks could be due to inhomogeneous plastic deformation in fracture zone or the aluminum oxide inclusions. From SEM studies it can be concluded that the ductile fracture models such as Gurson, J-C and Lamatire can be used to model the fracture and for constructing the fracture forming limit diagram in ISF.
Conclusions
In this work, the maximum wall angle and the thinning limit of EDD steel sheet in single pass single point negative incremental forming have been investigated. For this purpose, parts with varying wall angle along the depth were formed till the fracture. Numerical simulations are performed following the experimental phase to get the thickness distribution using LS-DYNA. Thickness distribution obtained from numerical simulations was found to be more accurate than the values obtained from theoretical model. Theoretical model was found to be poor in predicting thickness in bending region, whereas the finite element model is good in predicting thickness in both the bending and stretching regions. A correlation coefficient of above 0.99 was observed between measured and simulated thickness with different part geometries. Limiting wall angle and allowable thinning were found to be 75.27 • and 0.252 mm respectively. Maximum variation in wall angle with different generatrix curves was found to be 4.6
• . This variation could be due to variation in the curvature and slope distribution of different parts. Future study includes the construction of the fracture forming limit diagram (FFLD) for EDD steel sheets and the numerical simulations using finite element codes to study the distribution of strains and formability.
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